The geometry and relative energy of the seven low-lying electronic states of ozone and the ground state of ozonide anion have been determined in C 2v symmetry by the complete active space self-consistent field ͑CASSCF͒ and the multireference Mo "ller-Plesset perturbation ͑MRMP͒ methods. The results are compared with the photodetachment spectra of O 3 Ϫ observed recently by Arnold et al. The theoretical electron affinity of ozone is 1.965 eV, which is 0.14 eV below the experimental result of 2.103 eV. 
I. INTRODUCTION
In order to understand the underlying chemistry and physics of ozone depletion, a wide range of laboratory experimental and theoretical studies have been directed towards the characterization of the O 3 dissociation dynamics and electronic structure. Our understanding of this fundamental molecule has improved greatly but still there are many puzzling phenomena.
The diradical character of ozone leads to the existence of several low-lying excited states. The fact that ozone absorbs weakly in the visible and near-infrared was first noted by Chappuis 1 6 concluded that the Chappuis band is due mainly to the 1 A 2 state, based on their measurements of condensed phase absorption of ozone. Theoretical studies by Braunstein et al. [7] [8] [9] and Banichevich et al. [10] [11] [12] showed that the Chappuis band results from the significant interaction between the 1 B 1 and 1 A 2 states. This implies that low-lying Wulf band is due to transitions to one or more triplet states. Anderson et al. 5 reassigned the spectrum and concluded the weaker Wulf band is due to the 3 A 2 by the analysis of the rotational structure of the spectrum.
Several techniques other than photoabsorption have been used to study O 3 in the visible and near-infrared regions. [13] [14] [15] [16] [17] Some of them suggested the existence of energy levels which are bound with respect to the dissociation. 18 -20 There are three electronic states in addition to the 1 Ϫ has not been observed by high resolution spectroscopic techniques although the frequencies of the 1 symmetric stretching and 2 bending bands have been fairly well determined in the gas-phase by photodissociation, 22 photodetachment, 23 and photoelectron 24 spectroscopy. The laser photoelectron work of Novick et al. 24 and the photodetachment spectrum of Wang et al. 23 also provided estimates of the equilibrium structure of O 3 Ϫ through Franck-Condon analysis. Much of the experimental work of this radical has been carried out in the rare gas matrices by Raman or infrared spectroscopy usually in the presence of cerium or sodium counterions.
In an attempt to provide a more reliable characterization of the excited states of O 3 , we have studied six lowest excited states of ozone using multireference Mo "ller-Plesset perturbation method ͑MRMP͒, which has been successful in recent years in predicting details of molecular electronic spectra. [25] [26] [27] [28] [29] We explored a range of C 2v geometries around the minima of these states of ozone as well as the ground state of ozonide anion. In this paper we will report the properties of low-lying excited states of O 3 and present an interpretation of the photodetachment spectra of O 3 Ϫ . The focus is the explanation for the experimentally determined adiabatic excitation energies and observed vibrational progressions in the photodetachment spectra of O 3 Ϫ . Section II summarizes the computational details and calculated results and discussions will be given in Sec. III. Conclusions will be summarized in the final section.
II. METHOD OF CALCULATIONS
The calculation was carried out for the ground and lowlying singlet and triplet excited states of ozone and the ground state of ozonide anion. All calculations were performed with a triple-zeta plus polarization quality basis of Dunning's cc-pVTZ ͑Ref. 30͒ augmented with the diffuse functions (1s1p1d proper spin and symmetry to obtain an optimal geometry. The range of coordinates in C 2v symmetry are 1.1-1.7 Å in steps of 0.05 Å for the bond length and 75.0°to 135.0°in steps of 5°for the bond angle. By analytically fitting these two-dimensional grid points, we obtained the entire potential energy surfaces and calculated properties for the ground and excited states. The higher level of MRMP was only used to calculate excitation energy at minimum point of each individual state. Oxygen 1s orbitals were optimized in the CASSCF calculations but were uncorrelated in the MRMP calculations. Vertical excitation energies were computed at the experimental geometry for the ground state of ozone at the MRMP level. Adiabatic excitation energy for each state was determined by computing the MRMP energy at the calculated geometry for the state and subtracting the energy of the ground state at its calculated geometry. The 1 and 2 vibrational frequencies were calculated with CASSCF and used to estimate the zero-point energy ͑ZPE͒ corrections. The 3 vibrational frequencies are not available and its contribution to the ZPE is not considered here. The transition moments were also calculated at the level of CASSCF approximation.
III. CALCULATED RESULTS AND DISCUSSIONS
In Fig. 1 we show contour diagrams summarizing results from CASSCF calculations of the ground state of ozone and its anion in C 2v symmetry. The contour plots of the excited states of ozone are summarized in Fig. 2 Fig. 2 .
The CASSCF configurations for the various states of ozone in terms of C 2v symmetry orbitals are given in Table I . The CASSCF wave function for the ground state of ozone is represented by two configurations, the Hartree-Fock configuration and →* double excitation, (1a 2 ) 2 →(2b 1 )
Other low-lying excited states except the On the other hand, the anion state 2 B 1 can be well described by a single configuration in C 2v symmetry as
Judging from the characteristics of the CASSCF wave functions, we can expect that the 3 B 1 state is well described even at the level of CASSCF but inclusion of dynamical correlation effects through MRMP will make a significant contribution to the positions of other excited states, particularly to the 1 B 2 state.
A. The ground states of ozone and ozonide anion
The optimized geometry of the ground state from CASSCF calculations is in good agreement with experiment. The predicted bond length (r e ) of 1.291 Å is slightly ͑0.02 Å͒ longer than the best experimental value of 1.2717 Å. The theoretical bond angle ͑ e ͒ of 116.6°differs only by 0.1°f rom the experimental value of 116.7°. Our results are very close to the previous MRD-CI results. 9 The state-specific CASSCF and MRMP gave Ϫ224.573 95 a.u. and Ϫ225.095 44 a.u. at this geometry, respectively. The potential energy surface of the ground state of ozone has the double minima, the open structure (C 2v ) and the equilateral triangle ring structure (D 3h ). The latter state is dominated by the →* doubly excited configuration. We can see immediately from the contour plot of ozone shown in Fig. 1 that contours have the conical intersection of these two states along nearly vertical line where has a value of about 85.5°.
Optimized anion geometric parameters are r e ϭ1.376 Å and e ϭ115.5°. The present calculation predicts a longer bond length and a larger bond angle than those in the gasphase obtained by Franck-Condon analysis of the photodetachment observation by Wang et al. 23 ͑r e ϭ1.3415Ϯ0.03 Å and e ϭ112.6°Ϯ2.0°͒. However, comparison of the ozonide geometry obtained from the previous calculations 34 -36 and the present work finds reasonable agreement in many cases, especially for a bond angle. For instance, the best estimated values by Koch et al. 35 are r e ϭ1.35 Å and e ϭ114.5°. Table  II summarized the electron affinity and dissociation energy of ozone. The computed electron affinity of ozone is 1.965 eV ͑ZPE correction is included͒ at the MRMP level, which can be compared to the experimental value of 2.1028 Ϯ0.0025 eV determined by Novick et al. 24 using threshold photodetachment. The MRMP underestimates the electron affinity only by 0.14 eV while CASPT2 overestimates the electron affinity. It is noted that a single reference based method such as MP4 gives a poor description of the electron affinity. The dissociation energy of the ground state, D e , is computed to be 0.834 eV at the same level of theory, which is within 0.30 eV of the experiment of 1.13 eV.
The photoelectron spectrum measured by Arnold et al. 21 with a photodetachment energy of 2.977 eV shows the vibrational progressions, which provides information about the changes in equilibrium geometry between O 3 Ϫ and O 3 . The long symmetric stretch progression indicating that there is a significant difference between the bond lengths of the anion and neutral is consistent with our results ͑see Fig. 1͒ . The spectrum also shows the shorter progression in the bending modes, implying that the bond angle also differ but not as substantially. It is expected that the removal of electron from a 2b 1 antibonding orbital should lead to an increase of a bond angle but the present calculation shows that the change of a bond angle is rather insensitive to an electron detachment.
B. Vertical excitation energies
Vertical excitation energies and oscillator strengths are summarized in Table III . We carried out MRMP calculations based on the state-specific CASSCF wave function at the experimental geometry ͑r e ϭ1.2717 Å, e ϭ116.7°͒. Results with the state-averaged CASSCF plus MRMP are also listed in parentheses in the table. Oscillator strengths were calculated by using transition moments computed at the CASSCF level and the MRMP transition energies. The results have been compared with data from the previous calculations available; the polarization configuration interaction ͑POL-CI͒, 37,38 the multiconfigurational SCF plus configuration interaction ͑MCSCF-CI͒, 12 the multireference based doubly excited configuration interaction method ͑MRD-CI͒, 9 and the Fock space multireference coupled-cluster ͑FSM-RCC͒ method. 39 In all cases a double-zeta plus polarization quality basis set has been used. The comparison with the multiconfiguration linear response ͑MCLR͒ ͑Ref. 40͒ with a larger basis has also been made. In preparing the paper, the multiconfigurational second-order perturbation ͓CASPT2 and CASPT2͑g 2 ͔͒ results have been reported by Borowski et al. 41 and cited in the Table I , the wave function is dominated by the transition of →* but includes a large fraction of other singly and doubly excited configurations. Due to the multiconfigurational character of this state, the theoretical difficulties encountered in previous studies. The computed oscillator strength is 8.02ϫ10
Ϫ2
, which corresponds to the observed value of 8.8ϫ10
.
C. Adiabatic excitation energies and interpretation of the photodetachment spectra
Adiabatic excitation energies, T e and T 0 , and the optimized geometry are summarized in 3,4 also obtained independent evidence that excited states may exist at excitation energies of 1.1833, 1.29, and 1.45 eV using absorption and isotropic substitution techniques. However, no evidence for an excited state with ϳ1.6 eV has been found in any absorption spectra as of yet.
As to the optimized geometries for excited states, reasonable agreement is found with the previous theoretical values. A slight disagreement is found for the bond length of the 1 B 2 state. The 1 B 2 potential energy surface near the minimum is very flat but our bond length gives 1.470 Å which is longer by about 0.1 Å than the previous results. However, excellent agreement is found for bond angles. Based on our computed results shown in Fig. 2 A 2 state. The Wulf band was found to have a long progression in the bend superimposed on a shorter progression in the stretch.
3,4 This is consistent with the calculated geometry difference between the manifold will extend with appreciable amplitude across this intersection. This feature of the surface will have a profound effect on the photoabsorption and photodissociation dynamics. This may provide information to determine the specific assignment.
The photodetachment spectra show that the next peak has a long 2 progression, corresponding to the transition energy of ϳ1.6 eV. Arnold et al. 21 assigned tentatively that the peak with a long progression is due to the 1 A 2 state. The simple consideration of geometry suggests that a long 2 progression is expected for the 1 A 2 state. The 1 A 2 state has a large enough difference in bond angle from the ozonide anion to be consistent with the observed long bending progression. MRMP also confirms that the peak is due to the A 2 by an analysis of the rotational structure of the spectrum. 5 The optimized geometry of singlet and triplet A 2 states is very similar and both states are dominated by the single excitation 4b 2 →2b 1 ; the 4b 2 is the in-plane orbital while the 2b 1 is * orbital. Hence we expect that the energy splitting between singlet and triplet is rather small. The computed energy splitting is 0.25 eV while the splitting estimated by Arnold et 
IV. CONCLUSIONS
To conclude, the geometry and relative energy of the seven low-lying electronic states of ozone and the ground state of ozonide anion have been determined in C 2v symmetry by CASSCF and multireference Mo "ller-Plesset perturbation methods. The results are compared with the photodetachment spectra of O 3 Ϫ observed recently by Arnold et al. The theoretical electron affinity of ozone is 1.965 eV, which is 0.14 eV below the experimental result of 2.103 eV. For the complete assignment of the spectra and the understanding of the excited state dissociation dynamics, we need further calculations including the quantitative potential surface not just the restricted ͑two-dimensional͒ C 2v space but the full ͑three-dimensional͒ C s space and the timedependent wave packet dynamics. The study in this line is now going on and will be published in the forthcoming publications.
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